We present measurements of tunneling spin polarization of Co 72 Fe 20 B 8 in Al/ AlO x / CoFeB tunnel junctions using superconducting tunneling spectroscopy. We consistently observe high spin polarization ͑above 53%͒, higher than that measured for comparable CoFe alloys, indicating a crucial role played by the 8% atomic boron. X-ray diffraction measurements on 700 Å thick films reveal an amorphous structure for as-deposited films, while anneals above 250°C initiate a gradual crystallization. Superconducting quantum interference device magnetometery shows that the magnetic moment exhibits minor changes after anneals, but there is a dramatic change in the coercivity after anneals above 400°C. However, these structural and magnetic changes induce only a slight change in the tunneling spin polarization of CoFeB.
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Amorphous ferromagnetism in transition-metal borides ͑TM-B͒ has been extensively studied, mainly due to the magnetism observed in these materials, and their potential industrial applications. 1 After the advent of magnetic tunnel junctions ͑MTJs͒, 2 which are highly suitable for applications in sensors and memories due to their large tunneling magnetoresistance ͑TMR͒, the search for materials to advance the performance of these devices has intensified. TM-B's are ideal candidates as they exhibit unique magnetic and electronic transport properties. Due to their amorphous/ nanocrystalline nature, these alloys exhibit low random anisotropy, making them magnetically soft and suitable for the free layer in MTJs. Furthermore, it has been recently shown that MTJs incorporating the ternary alloy CoFeB in conjunction with AlO x ͑Ref. 3͒ and MgO ͑Refs. 4 and 5͒ barriers exhibit record-high TMR values at room temperature, emphasizing their superior electronic and transport properties.
In this paper we investigate the structural, magnetic, and transport properties of the metallic glass Co 72 Fe 20 B 8 ͑at. %͒. We deposited CoFeB layers on Si/ / SiO x and Si/ / SiO x / AlO x buffer layers using dc magnetron sputtering ͑base pressure Ͻ10 −8 mbar͒ at room temperatures from a single Co-Fe-B target and investigated their structural properties using highangle x-ray diffraction ͑XRD Cu K␣͒ as a function of postdeposition anneal temperature. The layers were annealed for 30 min in a magnetic field of ϳ250 mT in argon atmosphere at various temperatures with a ramp up/down rate of 20°C / min. Further, we used superconducting quantum interference device ͑SQUID͒ magnetometery to measure the magnetic moment and coercivity of ϳ700 Å thick CoFeB layers. Finally, we fabricated Al/ AlO x / CoFeB tunnel junctions and measured the tunneling spin polarization of CoFeB as a function of anneal temperature using the superconducting tunneling spectroscopy ͑STS͒ technique. 6 We demonstrate that the structural and magnetic properties of CoFeB change dramatically after anneals above 400°C. However, there is only a slight change in the tunneling spin polarization of the material, making it highly suitable for use in MTJs for industrial applications. Co 72 Fe 20 B 8 ͑ϳ700 Å͒ /Al͑ϳ25 Å͒ samples. Each scan is measured on different samples grown in the same batch and annealed at respective temperatures. Low-angle XRD measurements ͑not shown͒ reveal a smooth growth of the CoFeB layers on both SiO x and AlO x . Contrary to CoFe, asdeposited CoFeB grows amorphous/nanocrystalline on both SiO x and AlO x . A high-angle scan from 2 = 5°to 110°re-veals no peaks in the as-deposited case. However, after an anneal of 250°C, a distinct peak appears at 2 ϳ 45.3°, corresponding to a lattice spacing d ϳ 2.00 Å. This is an indication of the onset of crystallization of CoFeB. An estimate of the structure in which CoFeB crystallizes is difficult as the Fig. 1͑b͒ , along with the net area under the peaks. From this plot, the crystallization behavior of CoFeB might be categorized in two segments: ͑1͒ the net area under the peak ͑which corresponds to the amount of crystalline phase in the film͒, along with the crystallite size increases with a square root like behavior between anneals at 250 and 425°C, and ͑2͒ anneals above 425°C show a more rapid growth of the crystallites, and more rapid crystallization. The fact that the net area under the peak increases with the anneal temperature is an indication that the changeover from amorphous to crystalline structure is a gradual one. Anneals above 485°C would be necessary to find the temperature at which the films crystallize completely. To confirm the exact structure of the polycrystalline film, and to understand the behavior of the grain size as a function of anneal temperature, further investigations, probably with scanning tunneling microscopy ͑STM͒ and high-resolution transmission electron microscopy ͑HRTEM͒, would be necessary.
To analyze the intrinsic magnetic properties of CoFeB samples, we measured the magnetic moment and the coercivity of the XRD samples with SQUID magnetometery. Figure 2͑a͒ shows the magnetic moment per TM atom as a function of anneal temperature. 7 The magnetic moment of our CoFeB layers prior to the anneal is ϳ1.92 B / TM atom, while that of a comparable composition containing crystalline CoFe only is տ2.0 B / TM atom. 8 This reduction in magnetic moment with respect to a CoFe alloy is a consequence of dilution, i.e., the addition of the donor metalloid-boron. 9 As the boron content is increased, the polarizable TM-d states increasingly hybridize with the metalloid-p states, which causes a rapid decrease in the magnetic moment per TM atom. 9 After anneals between 350-485°C, the magnetic moment shows modest changes. The origin of this change is not yet clear, and it would be instructive to study this with 59 Co nuclear magnetic resonance. Figure 2͑b͒ shows the coercivity of ϳ700 Å thick CoFeB annealed at various temperatures. Anneals between 250-400°C show a progressive rise in coercivity, which is expected as the gradual crystallization induces magnetocrystalline anisotropy. After an anneal above 400°C, the coercivity of the layers show a dramatic change. This might be due to the rapid crystallization of the layers in this anneal temperature regime. As more and more crystallites are formed, their grain boundaries become potential sites for domain wall pinning, and the coercivity increases.
It is known that the electronic structure of amorphous FeB and CoB alloys is not much different from that of their crystalline counterparts. [9] [10] [11] It is also known that tunneling spin polarization ͑P͒ is critically dependent on the interfacial local density of states ͑LDOS͒ at the Fermi level.
12 Curious as to whether there is any change in the electronic structure, and consequently in P of CoFeB before and after crystallization, we measured the tunneling spin polarization of Al/ AlO x /Co 72 Fe 20 B 8 ͑ϳ700 Å͒ / Al tunnel junctions as a function of postdeposition anneal temperature using the superconducting tunneling spectroscopy ͑STS͒ technique. 6 Junction preparation and measurement procedure for these experiments has been described elsewhere before.
13 Figure  3͑a͒ shows a representative measurement of P for asdeposited CoFeB. The zero field curve ͑छ͒ shows the superconducting gap of aluminum. After the application of a 2.0 T field in the plane of the layers, the Zeeman splitting reflects the spin polarization of CoFeB ͑᭺͒. A fit ͑solid lines͒ using Maki theory 14 reveals P = 53.5% for as-deposited CoFeB. We consistently measure P values above 53%, with a highest observed value of 53.5%. This value is similar to that expected by applying Julliere's model 15 on the measurements of Wang et al. 3 on MTJs with Co 60 Fe 20 B 20 electrodes. Further, the extracted P is ϳ4% higher than the ϳ49% measured for the Co 84 Fe 16 alloy, 16 and underlines the change in the electronic structure brought about by 8% B. Figure 3͑b͒ shows the behavior of P after an anneal in ultrahigh vacuum conditions. 17 Although the structural and magnetic properties change after anneals above 250°C, there is no significant change in the P for the ϳ700 Å thick CoFeB layers ͑P ϳ 51% ͒. Only a slight drop in P is observed as a function of anneal temperature with no corresponding change in other junction parameters, such as junction resistance and the superconducting gap. There might be several causes for this slight drop in P CoFeB : the electronic structure of the crystalline alloy is very similar to the amorphous alloy, or the structure of the interface between CoFeB and amorphous AlO x is not crystalline after anneals up to 450°C and anneals at higher temperatures are needed to induce this crystallization.
In summary, we investigated the structural, magnetic and transport properties of CoFeB. As-deposited films grow amorphous on AlO x and SiO x , and there is a gradual crossover from amorphous to crystalline structure after anneals above 250°C. The coercivity shows a dramatic change after anneals above 400°C, but the origin of this change is not yet clear. The measured P is higher than that of comparable crystalline alloys, and marks the striking change in the electronic structure by the addition of 8% B.
